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ABSTRACT
Solid desiccant-based dehumidification systems have been considered extensively for separate sensible and latent
cooling systems. The performance of overall system heavily depends on the desiccant characteristics. The objective
of the current study is to investigate the steady state and transient properties of a solid desiccant systems. Test
schemes have been proposed to investigate the performance of desiccants where samples are exposed to various
humidity conditions. The moisture adsorption and desorption behaviors have been evaluated and the data has been
used to establish moisture adsorption and desorption isotherms at various temperature. Along with steady state
performance, transient behavior has been investigated by determining the mass diffusion coefficients at different
humidity and temperature conditions. The overall goal of the study is to provide designer the fundamental material
characteristics which are important to the operation of a solid desiccant-based equipment.

1. INTRODUCTION
Silica aerogels have been extensively studied for multiple engineering applications (Husing and Schubert, 1998, Wei
et al., 2011) due to the novel characteristics including extremely high porosity (up to 99%), large specific surface
area and random microscopic structure. They have successfully deployed in applications such as heat insulation
(Omar et al., 2007), waste treatment (Ahmed and Attia, 1995), drug delivery and targeting systems (Smirnova et al.,
2004). Due to their suitable hygroscopic properties, they have been the subject of interest to handle latent load for
separate sensible and latent cooling systems. Many recent studies of SSLC system have considered aerogels to
provide improved sorption capacity and higher mass transfer rates (Aristov et al., 2002, Dawoud and Aristov, 2003,
Zhang et al., 2005). Researcher have concluded that the appropriate solid desiccants can results in adsorption
systems with improved performance and can cause substantial decreases in the initial and operating costs. Due to
large internal surface area (up to 800 m2/g, or 108 to 109 m2/m3) silica aerogel has relatively high moisture
adsorption capacity. Another associated advantage is that there is no chemical reaction during adsorption, unlike
many salt absorbents which change the chemical composition and physical appearance with addition of moisture
(Besant and Simonson, 2003).
Notice: This manuscript has been authored in part by UT-Battelle, LLC, under contract DE-AC05-00OR22725 with the US
Department of Energy (DOE). The US government retains and the publisher, by accepting the article for publication,
acknowledges that the US government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the
published form of this manuscript, or allow others to do so, for US government purposes. DOE will provide public access to
these results of federally sponsored research in accordance with the DOE Public Access Plan (http://energy.gov/downloads/doepublic-access-plan).
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Despite such promising properties, the design process requires a good understanding of microstructure of these
materials and how it impacts the steady state adsorption/desorption behavior. Multiple studies have been focused on
the application of silica aerogels as desiccant materials and researchers have tried to determine the adsorbing
capacity and rates of the adsorption (Richards et al., 1993; Dawoud and Aristov, 2003; Yang and Al-Duri, 2005;
Pesaran and Mills, 1987). A wide range of experimental methods have been used for such characterization including
conventional gravimetric method with adsorption in the hygrothermostat (Zhang et al., 2005; Zhang et al., 2007) or
enclosed space containing saturated salt solutions (Richards et al., 1993; Li et al., 2011). The more advanced process
control has introduced automatics procedures where the vapor pressure can be changed isothermally in a controlled
environment (Dawoud and Aristove, 2003; Nawaz et al., 2014, 2015).
Although there is an increasing interest in the use of silica aerogels as desiccants, the potential impact of
manufacturing process on the adsorption capacity and the microstructure are rare information in literature. The
capacity of a porous adsorbent solid in adsorption of an adsorbate gas (vapors in the case of dehumidification) is
determined by the adsorption isotherm. The primary objective of the present work is to investigate the steady state
adsorption/desorption capacity of aerogels with different microstructures by analyzing the equilibrium isotherms.

2. PREPARATION OF SAMPLES
Silica aerogel were prepared using silicon alkoxide precursor, tetramethyl orthosilicate (TMOS, Si (OCH3)4).
The formation of a wet gel is presented by Equation (1) where the precursor reacts with water to form a stable
network of silicon oxide.
(1)
The kinetics of the above reaction is extremely slow at room temperature, and requires many days to complete. For
this reason, acid or base catalysts are added to increase the reaction rate. The amount and type of catalyst used in
synthesis played key roles in the microstructural and physical properties of the silica aerogel product as will be
explained later. Acid catalysts used in present study include hydrofluoric acid (HF) and steric acid (CH3COOH).
Basic catalysts used were ammonium hydroxide (NH4OH) and potassium hydroxide (KOH). Once the gels were
formed they were aged for about 72 hours.
The final and most important step in making silica aerogel-coated samples is drying, where the liquid within the gel
is removed, leaving only the linked silica network. The wet gel can be dried either by evaporation or by supercritical
drying with CO2 or alcohols. It was observed in a previous study (Nawaz et al., 2013 and 2014 a) that when the gels
were dried by evaporation, the resulting glass-like material (xerogel) cracked and the coating was not durable
(Figure 1a). Instead of evaporation, if a sample was dried under supercritical conditions, the effects of surface
tension resulting in cracking of the coating were eliminated and the final sample was more stable (Figure 1b).

Figure 1: SEM images of silica aerogel (prepared using ammonium hydroxide catalyst) dried by (a) evaporation (b)
supercritical drying (CO2)
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3.

MICROSTRUCTURE ANALYSIS

The catalyst used in the chemical reaction affects the microstructure of the resulting silica aerogel. In order to
evaluate the effect of the catalyst used in the Sol-Gel process on microstructure, samples were prepared using
different catalysts with sample precursor (TMOS), they were aged for the same duration and super critically dried
using CO2. SEM (scanning electron microscopy) images were taken with same magnification (40000x) for all
specimens using a Hitachi 4800 (Hitachi High-Technologies Corporation, Japan) environmental scanning electron
microscope at Materials Research Laboratory (MRL) at University of Illinois at Urbana- Champaign, IL. The
microstructures of supercritically dried silica aerogel samples are presented in Figure 2.

Figure 2: Microstructures of five different aerogels prepared by different catalysts
It can be observed from the images of supercritically dried silica aerogel samples that the microstructure (pore size)
depends upon the catalyst used in preparation (Sol-Gel process). Samples prepared by hydrofluoric acid as the
catalyst resulted in a moredense structure with small pores, while for potassium hydroxide as the catalyst the
structure was highly porous and relatively less dense. It is important to note that the titanium gold sputtering process
was avoided to preserve the original microstructure. The sputtering process is often employed in SEM to increase
the conductivity of electrically non-conducting material (ceramics and powers) for better magnification.
4.

DETERMINATION OF SORPTION/DESORPTION ISOTHERMS

A Dynamic Vapor Sorption (DVS Advantage, Surface Measurement System, UK) apparatus was used (Figure 6) to
establish the adsorption/desorption capacity of silica aerogels. The DVS apparatus is equipped with mass flow
controllers for mixing wet and dry nitrogen gas and controlling the relative humidity, and a vapor measurement
sensor to monitor the resultant relative humidity and a microbalance to determine the response of the samples. The
apparatus has a dry carrier gas (nitrogen), and precise control of the ratio of saturated and dry carrier gas flows was
enabled with mass flow control combined with the use of real-time vapor concentration monitoring for water. A
known concentration of water vapor then flowed over a sample suspended from a recording ultra-microbalance,
which was used to measure the weight change of the sample caused by adsorption or desorption of the vapor
molecules.
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Figure 3: Apparatus for dynamic vapor sorption experiments (Surface Measurement System, UK) 1-Dry gas, 2-gas
for mixture, 3-vapor mixture, 4-mass flow controllers, 5-vapor generator module, 6-camera, 7-sample, 8-reference,
9-humidity sensor, 10-microbalance
The temperature of the entire system was selected and precisely controlled under closed loop conditions to ensure
that the solute vapor pressure at the sample is constant. The good sensitivity and precision of the DVS enables the
use of very small sample sizes (typically 1 to 30 mg), thus allowing equilibrium to be reached quickly, and sample
sizes smaller than 2 g were used to ensure accuracy. The instrument was fully programmable and controlled by
software through a smart operator interface. All experiments were conducted at a temperature equal to 25 oC.
The DVS sorption automatic operation (SAO) method was used to set both the desired percent relative humidity
steps and the equilibrium criterion. First, each sample was equilibrated to 0 %RH using an equilibrium criterion of a
change in mass over time (dm/dt) of no greater than 0.0005% for 5 consecutive minutes. After this equilibrium
criterion was reached relative humidity was increased automatically to the target value (10% increment) and
equilibrated using the same dm/dt criterion (0.0005% for 5 consecutive minutes). After reaching the equilibrium at
90%, the relative humidity was decreased at 10% decrement using a dm/dt criterion (0.0005% for 5 consecutive
minutes). Sample mass data and sample and reference chamber relative humidity and temperature data were
automatically collected every 60 s. A silica aerogel sample in the shape of small cylinder (Figure 7) was placed on a
DVS quartz round bottom sample pan (13 mm in diameter). Total gas flow was parallel to the sample surface and
was set at 500 cm3/min for all experiments. Duplicate runs were done for each sample. Figure 4 shows the
experimental procedure

Figure 4: Test procedure to establish adsorption/desorption isotherms
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5.

ADSORPTION EQUILIBRIUM MODELS

As discussed earlier, the adsorption equilibrium study provides the amount of adsorption at different relative
pressure or concentration, which is very useful in selecting the adsorbent or optimal design. There have been
multiple studies to generalize the adsorption/desorption behavior. Equation (2) presents generalized equations to
relate the moisture content at certain humidity condition for multi-component systems

qi =

ki 0Cibi 0

ci +  j =1 aij C j ij
N

b

(2)

where, qi (mg/g) and Ci (mg/L) are the equilibrium adsorption capacity and the equilibrium concentration of
component i in solid phase and liquid or gaseous phase, ki0, aij, bij and ci are constants. For the adsorption system
with single component, Equation (2) can be simplified to Equation (3) known as Fritz-Schlunder’s isotherm.

qi =

ks C b1
1 + as C b2

(3)

where ks (mg/g)(mg/L)-b1, as (mg/L)-b2 , b1 and b2 are the Fritz– Schlünder isotherm constants.
Equation (3) can be further simplified and multiple well-known equilibrium isotherm equations can be obtained. For
example Langmuir isotherm equations is expressed by equation (4)

q=

kLC
1 + aL C

(4)

where KL (L/mg) and aL (L/mg) are the Langmuir isotherm constants. Similarly, Freundlich isotherm equation can
be by equation (5)

q = KF C nF

(5)

where KF (mg=L)-nF and nF are the Freundlich isotherm constants. Redlich–Peterson adsorption isotherm expressed
by equation (6) is another commonly used correlation

q=

K RC
1 + bRC 

(6)

where KR (L/mg), bR (L/mg) and  are the Redlich–Peterson isotherm constants. Figure 5 presents the adsorption
isotherms for the four silica aerogel samples included in presents study. Various isotherms models have been used to
for curve-fitting to obtain coefficients. Table (1) presents the values for coefficient for different samples when
various isotherm correlations are used to generalize the adsorption performance.
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Figure 5: Performance prediction using isotherm correlations for (a) sample 1 (b) sample 2 (c) sample 3 (d) sample 4
Table 1. Coefficients values from fitting equilibrium adsorption data with adsorption isotherms at 25 0C.

Model
Lagmuir

Freundlich

Redlich-Petersen

Parameter
KL
aL
R2
KF
nF
R2
bR
KR



Frttz-Schlunder

R2
as
ks

Sample 1
1.32937
-0.0035
0.9994
0.64209
2.4167
0.99075
-1(10)-06
2.4001
4.33
0.994
-0.0003
2.93182

Sample 2
1.27892
-0.0033036
0.9977
1.048478
2.19763
0.99158
-9.81(10)-06
21.1258
3.56
0.994
-8.6842(10)-06
4.8376

Sample 3
1.98158
-0.0028
0.9948
3.67482
1.84452
0.99854
-4(10)-08
3.1574
5.23
0.9822
-6(10)-08
5.4559

18th International Refrigeration and Air Conditioning Conference at Purdue, May 24-28, 2021

Sample 4
9.71155
-0.0031
0.99365
1.8127
1.87175
0.97985
-3 (10)-05
1.47251
3.23
0.996
-1(10)-06
3.66455
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b1
b2
R2

0.86
2.56
0.996

0.67
3.56
0.9817

0.78
5.21
0.96824

0.66
4.24
0.99103

It can be noted from Figure 5 that the equilibrium isotherm is of type IV (for all fur samples), as classified by
IUPAC and in general Lagmuir isotherm correlation can be adequately used to summarize the performance with
reasonable accuracy. In order to further investigate the performance, Figure 6 presents a comparison of
adsorption/desorption performance of individual samples. It can be noted that the adsorption and desorption
isotherm don’t follow the same path and there is a hysteresis. The desorption isotherm for all samples shows 15-30%
higher capacity compared to adsorption isotherms. It can be explained in terms of capillary condensation phenomena
in pores which makes it difficult release the moisture as the sample dries. Silica aerogel prepared by hydrofluoric
acid and by ammonium hydroxide has the maximum moisture retention capacity which can be upto 100 % of the
mass of the dry sample at 90 % relative humidity when the equilibrium is reached. On the other hand, the silica
aerogel prepared by potassium hydroxide can retain moisture only about 60 % of the mass of the dry sample under
same conditions While for steric acid it’s slightly above 80%. The sorption desorption isotherms are also an
indicator of the surface area of the microstructure. Hence based on the equilibrium isotherms data it can be
concluded that silica aerogel prepared by hydrofluoric acid and ammonium hydroxide as catalysts have the largest
surface area among the four samples prepared by different catalysts.

Figure 6: Comparison of steady-state isotherms for silica aerogels sample (a) sample 1 (b) sample 2 (c) sample 3 (d)
sample 4
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6. CONCLUSION
The Silica aerogel samples using four different catalysts (Hydroflouric acid, ammonium hydroxide, steric acid and
potassium hydroxide) have been prepared and dried under super-critical conditions. The dynamic vapor sorption
apparatus has been used to establish the steady state adsorption/desorption capacity of silica aerogels. It has been
found that
1- Microstructure of the silica aerogel is significantly affected by the catalysts used in the Sol-Gel process.
2- Adsorption isotherms for silica aerogels are classified as class IV (defined by IUPAC).
3- The adsorption capacity is different from desorption capacity due to the hysteresis which diminishes at
relatively lower relatively humidity.
4- Samples with relatively smaller pores have higher adsorption capacity. For example, a sample prepared by
HF can absorb about 105% weight of the dry sample at 90% RH.
5- Among different models to correlate the adsorption isotherm, Lagmuir predicts the performance accurately
compared to other correlations.
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